Charge Sensing of an Artificial Molecule 
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We report charge detection studies of a lateral double quantum dot with controllable charge states 
and tunable tunnel coupling. Using an integrated electrometer, we characterize the equilibrium state 
of a single electron trapped in the doubled-dot (artificial molecule) by measuring the average 
occupation of one dot. We present a model where the electrostatic coupling between the molecule 
and the sensor is taken into account explicitly. From the measurements, we extract the temperature 
of the isolated electron and the tunnel coupling energy. It is found that this coupling can be tuned 
between and 60 fieV in our device. 

PACS numbers: 



I. INTRODUCTION 

Lateral quantum dots are defined in a two-dimensional 
electron gas by means of electrical gates Since they 
are electrostatically defined, lateral quantum dots are ex- 
tremely tunable. This advantage is well illustrated by re- 
cent achievements involving control over a single electron 
charge or spin. Experiments have, for example, demon- 
strated the isolation of single electron in single and dou- 
ble dot system a 5 i 6 i 7 i 8 i 9 , the electrical read-out of a single 
electron spiniSiAAii^ and the coherent manipulation of the 
charge state of artificial moleculesAA^ Lateral quantum 
dots therefore provide the ideal choice for related funda- 
mental studies including those aiming at the implemen- 
tation of solid state quantum bits. Quantum bits can be 
naturally encoded either using the spin of a single elec- 
tron trapped in a quantum dolM^ or alternatively, the 
charge state of a double quantum dot^S*ii*i2*i£ In both 
approaches, a precise control over the coupling between 
adjacent dots is important for quantum gate operations. 

In this paper, we report charge detection measure- 
ments of a double few electron quantum dot contain- 
ing a tunable number of electrons. By trapping a single 
electron in the double dot, a two- level system is formed. 
By analogy to molecular physics, the double-dot can be 
viewed as an artificial molecule. 20 Following the work 
of Petta et al 7 , we probe the temperature of this sin- 
gle trapped electron and extract the tunnel coupling en- 
ergy by charge sensing measurements. We use a quantum 
point contact (QPC) as a charge sensor and address the 
effect of the back-action of the sensor on the molecule. 



II. EXPERIMENTAL TECHNIQUES 

Figure [Ja) shows a scanning electron micrograph of 
our coupled quantum dot device. The device consists 
of two lateral quantum dots connected in series to leads 
and coupled capacitively to a QPC. The dots as well as 
the QPC are defined within the two dimensional electron 
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FIG. 1: (a) SEM picture of the experimental device. Scale 
bar: 500 nm; (b) Schematic representation of the different re- 
gions shaped by the gates in the 2DEG. Dots 1 and 2 are con- 
nected in series to the leads labeled "source" and "drain" by 
tunneling barriers. The double-arrows indicate where parti- 
cle exchange can occur. The QPC current /qpc flows through 
a constriction closest to dot 2. Charge sensing is performed 
by monitoring the transconductance (IIqpc /dVzB', (c) Stabil- 
ity diagram of the double quantum dot obtained by charge 
sensing. The electron number for each dot is indicated by 
(iVijiNfe). The background signal was subtracted for clarity. 



gas (2DEG) of a GaAs-AlGaAs heterostructure, located 
90 nm below the surface (Fig.^b)). The tunnel barriers 
indicated by double-arrows in the figure are tuned by neg- 
ative voltages applied to gates 3T, IB, 3B and 5B. Gates 
2B and 4B may be regarded as "plungers" and are used 
to change the number of electrons. The dot-to-lead tun- 
nel conductance is set to a very small value (<< 2e 2 /h) 
so that the coupled-dot system is well isolated from the 
leads, whereas the interdot tunnel conductance can be 
tuned from zero to 2e 2 /h 21 A negative voltage applied 
on gate R forms a QPC placed close to the right dot. This 
QPC, whose conductance is set around e 2 /h, is used as 
a charge sensor 22 for the double-dot system. The de- 
vice employs a gate layout geometry that permits trans- 
port down to the single electron regime^^ Charge de- 
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tection is performed by monitoring the derivative of the 
QPC current with respect to the voltage applied on gate 
2B. This quantity, <iiQpc/<^2B, the transconductance, is 
measured using standard lock-in techniques. The device 
was cooled in a Oxford Kelvinox 400 /iW dilution refrig- 
erator with a base temperature of 6 mK. 



III. RESULTS AND DISCUSSION 

The occupation numbers (TVi, A^), defined as the num- 
ber of electrons trapped in the left and right dot respec- 
tively, are determined by mapping the stability diagram 
of the double-dot. This can be achieved by measuring 
the transconductance as a function of the gate voltages 
V2B and V4B • Figure E{c) shows a grayscale plot of such 
a map. For clarity, we subtract the change in the back- 
ground signal related to the direct capacitive coupling 
between the gates and the QPC. The dark lines depict a 
reduced transconductance corresponding to a change in 
the total electron number in the double-dot. Together 
these lines form a honey-comb pattern, as expected for 
a double-dot^ The more horizontal lines correspond to 
a change of one electron in the left dot. Likewise the 
more vertical lines occur when the occupation of the right 
dot changes by one. Away from these lines, each dot is 
Coulomb blockaded and the system confines a fixed num- 
ber of electrons. The lack of charging events in the region 
marked (0, 0) is due to the dot being empty of electrons. 28 

We now study the equilibrium property of the artificial 
molecule. Figure E{a) shows the stability diagram in 
the relevant regime where the charge states (0,0), (1,0), 
(0, 1) and (1,1) are accessible. The gate voltages applied 
to gates IB and 5B are swept. Three lines of different 
intensities, marked A, B and C in Fig. |2^a), are present 
in the greyscale plot. Along resonances A and B, the 
left and right dot occupation changes from to 1 elec- 
tron respectively. Because the sensor is more sensitive 
to changes in the right dot occupation number, the re- 
duced transconductance is more pronounce for resonance 
B than A. Along resonance C, the electron transfers be- 
tween dots. Whereas the transconductance dips lower 
than the background along the resonances A and B, the 
signal rises to a higher value for line C. This can be eas- 
ily explained. As we sweep Vib across resonance A or 
B in the upward direction, an electron is added to the 
double dot thereby reducing the QPC conductance. But 
for resonance C under the same conditions, the electron 
is transferred from the right to left dots (i.e. away from 
the sensor), thereby increasing the QPC conductance. 

The absence of curvature in the position of peaks A and 
B implies that the tunnel coupling t between the two dots 
is very small. Under these conditions the spacing between 
the points labelled a and (3 in Fig. EJb) is equal to the 
Coulomb interaction energy 7 between dotsSA which we 
estimate to be 400 fieVm^ Since 7 is large in comparison 
with thermal energy (which we estimate to 7 /xeV from 
our charge sensing measurements), the configuration in 
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FIG. 2: (a) Transconductance map near the transition (1,0) 
to (0,1) for Vsb = —0.31V; (b) Experimental stability di- 
agram. The positions of the resonances A, B and C from 
(a) are plotted (open circles). The spacing A between triple 
points a and (3 is equal to 2t + 7. The scale bars are equal to 
300 /xeV; (c) Average occupation, M, of dot 2 as a function 
of the detuning energy e calculated using eq.Elfor several val- 
ues of the back-action parameter y. T r , T e and t equal 0.26, 
6 and 7/ieV for this plot. Inset: Numerical derivative of M 
with respect to e of the same curves. 



which only one electron is trapped in the double dot sys- 
tem is stable. In this regime, the two charge states (1,0) 
and (0, 1) form a two- level system characterized by two 
orbitals localized in dot 1 and dot 2, with respective en- 
ergies ei and 62- Along line C, the energy level of the 
left dot is aligned with that of the right dot (ei =62). 
Varying Vib and V5B along the diagonal perpendicular 
to line C (labelled u V e v in Fig.Efa)) only changes the en- 
ergy difference e = e\ — 62 between the two charge states. 
The lever arm relating gate voltage to detuning can be 
calibrated experimentally as described below. The tun- 
nel coupling t is tuned in our device via Vsb- These two 
parameters fully characterize the two-level charge system 
whose Hamiltonian can be written in terms of the Pauli 
matrices as 
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A quantitative characterization of e and t is made by 
measuring the charge sensor signal along the detuning 
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diagonal of the stability diagram at equilibrium. We em- 
ploy the technique introduced by DiCarlo et al. where 
the average occupation of the right dot, M, can be ex- 
tracted from the QPC current as a function of the detun- 
ing between dots^ Equivalent ly, for increased accuracy, 
we convert the transconductance into the derivative of 
M with respect to e. Since the effects of the QPC on the 
two- level system were not addressed in previous works, 
we fit the data using a refined model, in which the back- 
action of the QPC on M is taken into account. As we 
now explain, the model predicts small corrections when 
the coupling between the double-dot and the sensor is 
small and a significant change in the line shape of M in 
the strong coupling regime. 

The electrostatic interaction between the trapped elec- 
tron and the QPC is fundamental to why we can distin- 
guish the two charge states using the sensor signal. This 
coupling can be characterized by a dephasing rate T^, 
related to how well the two states can be distinguished. 
This rate is non zero only if a bias is applied across the 



QPC and is equal to y^/Tje — Je j where 7 1 ( 2 ) is 

the value of the current when the electron is localized 
in the left (right) dot. 26 The discrete nature of the cur- 
rent through the QPC (resulting in shot-noise) induces 
fluctuations in the qubit potential causing dephasing. 
The occupation probability M can be calculated from 
the equilibrium density matrix of the two-level system. 
For = 0, the density matrix is simply the one given 
by statistical mechanics where the electron trapped in 
the double-dot is assumed to be in thermal equilibrium 
with its electromagnetic environment at a temperature 
T e (which relaxes the molecule to the ground state at a 
rate T r ). Such equilibration can occur through fluctua- 
tions in device control parameters such as gate voltage 
noise. Using the method described in Ref. 27 , the finite 
temperature equilibrium density matrix in the presence 
of both sensor and reservoir can be calculated analyti- 
cally. We find the following expression for the average 
occupation of the right dot 
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where n Ve 2 +4t 2 , sin 2t/Q, cos/9 e/fi, (3 = 
l/kBT e , ke is the Boltzman constant, h is the reduced 
Plank constant and y = Td/T r . 

The ratio y is a quantitative measure of the back-action 
of the QPC on the molecule. In Fig. Etc), we plot equa- 
tion El as a function of e for several values of y. For y = 0, 
M changes in a step-like manner from to 1 as the detun- 
ing is swept across zero. The width of the transition is a 
combined measure of the tunnel coupling and the thermal 
energy. For non-zero but small compared to T r , the 
back-action slightly increases the width. In the regime 
of strong coupling (r^ >> T r ), the back-action strongly 
distorts the average dot occupation. Note, for example, 
the formation of a double peak feature in the inset of Fig. 
Etc) which occurs under conditions of small detuning be- 
tween the dots and strong coupling to the QPC sensor 
related to the formation of a plateau of M = 1/2 in this 
regime. 

For the experimental conditions used in the present 
study, we estimate to be approximately 0.12 MHz^S 
Using the relaxation rate measured in Ref. 7 on a similar 
device (T r ~ 62.5 MHz), we get y = 0.002, which is in 
the weak coupling regime. The modification caused by 



the back-action to the bare transition (case y = 0) can 
be estimated in this regime by expanding M up to first 
order in y. This modification can be neglected for our 
estimated value of y since it gives correction of the order 
of 0.5%, smaller than our experimental resolution. We 
therefore fit the data using equation El with y set to 0. 

In order to characterize the dependence of the tun- 
nel coupling on gate voltage, we must first estimate the 
electronic temperature. Figure El shows the effect of in- 
creasing the dilution refrigerator temperature T on the 
width of the resonance. Although for these data the tun- 
nel coupling is weak, its exact value cannot be deduced 
from the charging diagram. By assuming that for tem- 
peratures above 150 mK, the electron is well thermalized 
to the refrigerator (i.e. T e = T), we can calibrate the 
lever-arm relating the voltage along the detuning diago- 
nal to energy and extract the precise value of t. We find 
that a tunnel coupling of 7 ± 1 jaeV provides the optimal 
fit to the data. We then use this calibration to extract 
the electronic temperature over the complete tempera- 
ture range. In the inset, we plot T e vs. T obtained from 
the fits. The electronic temperature at base was found 
to be 78 mK (nb. without this procedure, if t was simply 
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FIG. 3: Temperature dependence of the dM/de peak along 
the detuning line. V3B = —0.31 V. For each trace, the dilution 
refrigerator and electronic temperature (T,T e ) are indicated 
in mK. The solid lines are fit of eq. |21 to the data points 
assuming t = 7/xeV and y = 0. Traces are shifted vertically. 
Inset: T e extracted from the fits plotted as a function of T. 
The line T e = T is also shown (dashed). 
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assumed to be zero the fit would give a value of 101 mK). 
For comparison the electronic temperature of the 2DEG 
in the leads was estimated to be approximately 30 mK 
from activation measurements of the quantum Hall effect 
whilst the temperature extracted from Coulomb blockade 
peaks was around 50 mK. This confirms the hypothesis 
that the more isolated an electron is the more difficult it 
is to cool. Notice that the signal to noise ratio is high 
at low temperatures. As a result, even if the back-action 
parameter y is very small, the changes in M can still be 
detected. 

We now calibrate the gate voltage dependence of the 
tunnel coupling. Figure Ufa) shows the evolution of the 
charging diagram as the voltage on gate 3B is made less 
negative. The tunnel coupling increases leading to an in- 
crease in peak spacing and the curvature in the charging 
diagram. Fig. 2{b) shows the corresponding broadening 
of the dM/de peak. Again, fits to the model assuming 
an initial tunnel coupling of 7 fieV with a base tempera- 
ture T e of 78 mK are good. In the inset, we plotted the 
value of 2t extracted for various gate voltages. Over the 
span in gate voltage used, the tunnel coupling ranged 
from 7 to 60 /ieV. These values are in the same range 
of those previously reported in the literature ^^i^S^k 
The dependence of the tunnel coupling on the gate volt- 
age Vsb is approximately exponential. This suggests that 
the gate primarily affects the height (and/or the width) of 
the tunnel barrier of the double-dot potential landscape. 



FIG. 4: (a) Experimental stability diagram obtained for 3 
different values of gate voltage V3B; (b) Dependance of the 
dM/de peak with gate voltage. For each trace, the gate volt- 
age and the tunnel coupling (VsbJ) are indicated in V and 
fieV respectively. The solid lines are fit to the data assuming 
T e = 78 mK and y = 0. Traces are shifted vertically. Inset. 
2t vs. V3B extracted from the fits. 



IV. CONCLUSIONS 

In conclusion, we have isolated a single electron in a 
lateral double quantum dot (artificial molecule) us- 
ing a QPC as an integrated electrometer with a sensi- 
tivity smaller than the elementary charge e. The detun- 
ing energy and the quantum mechanical amplitude for 
the electron to tunnel from one dot to the other were 
characterized for different gate voltages quantitatively 
from static charge sensing measurements. The electro- 
static coupling between the sensor and the double-dot 
perturbed the state of the electron. A strong dephasing 
rate associated to the measurement process could signif- 
icantly modify relevant quantities including the average 
individual dot occupation probabilities. In our study, the 
QPC was biased in the weak coupling regime for which 
we found that this back-action could be ignored. In- 
terestingly, our model suggests that back-action effects 
could be amplified by increasing the voltage bias across 
the sensor. 31 This will be the subject of further studies. 
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